Emotional states displayed by an animal or a human can seriously affect behavior of their conspecifics. The amygdala plays a crucial role in the processing of emotions. In this study, we describe an experimental rat model of between-subject transfer of emotional information and its effects on activation of the amygdala. The rats were kept in pairs, and one animal (designated as ''demonstrator'') was treated to specific behavioral training of either foot-shockreinforced context conditioning or just exposure to a novel context. We next examined the influence of the demonstrators on the exploratory behavior of their cagemates (called ''observers'') and the observers' performance of the acoustic startle response. We report that we can distinguish both groups of observers from the control animals (as shown by startle-response measure) and distinguish between observers (by means of indexing the exploration), with respect to whether they were paired with demonstrators treated to different experimental conditions. Furthermore, we show that the observers have most of their amygdala activated (as revealed by c-Fos mapping) to the same level as the demonstrators and, in the case of the central amygdala, to an even higher level. Moreover, the level of c-Fos expression in the observers reflected the specific behavioral treatment of the demonstrators with whom they were paired. Thus, in this study, we have shown that undefined emotional information transferred by a cohabitant rat can be evaluated and measured and that it evokes very strong and information-specific activation of the amygdala.
motions coordinate homeostasis of an organism in a complex, dynamic environment and participate in regulation of social behaviors. Emotional states displayed by an animal or a human can seriously affect the behavior of conspecifics. This fact has been demonstrated in numerous studies involving simulated and real panic situations, in which the presence of a leader determines the time of achieving the goal of a safe exit (1, 2) . The escape panic could happen in life-threatening situations, such as fires in crowded buildings, but sometimes, interestingly, it seems to emerge without any apparent cause. This kind of panic is probably provoked by the specific emotional behavior of some members of the crowd.
It is well known that the elaborate emotional systems of social species, such as humans, allow the recognition of very subtle emotional signals. Most of the functional imaging studies in humans have used emotional facial expressions as social signals presented to a subject to associate differences in the social content of stimuli with differences in the activity of the neural structures engaged in the processing of such stimuli (3) . The results of these studies clearly pointed to the amygdala being involved in the processing of negatively valenced stimuli of biological importance (4) (5) (6) . The neuroimaging studies also revealed that fearful faces are especially effective in activating the amygdala. These findings may be explained by the inherent ambiguity of the fearful faces as compared to, e.g., angry faces. Angry faces provide information about the presence of a threat, but, at the same time, they also give information about the source of the threat, whereas the fearful faces provide less precise information, only about the presence of the threat (5) .
Many studies on animals, performed mostly in the contextual fear-conditioning paradigm, have shown that the amygdala plays a crucial role in aversive conditioning, because it is involved in the processing of emotions and associating perceptual representations of stimuli with emotional response, cognitive processing, and behavioral motivation (7) . However, the involvement of this structure in perceiving and processing emotional stimulation of less well defined consequences, such as information transferred by the conspecifics behaving fearfully, have not been studied systematically. Interestingly, the experiments of Cook and Mineka (8) demonstrated that observation of model monkeys exhibiting an intense fear of fear-relevant stimuli not only changed the present behavior of an observer rhesus monkey but also resulted in long-lasting fear to observed stimuli. Moreover, the findings of animal and human studies provide evidence that the amygdala modulates the consolidation of long-term memories of emotionally arousing experiences (9) . Motivated by the observations described above, we wanted to establish an experimental animal model of between-subject transfer of emotional information. In the present study, we examined whether emotional information transmitted by one rat, previously trained in the contextual fear-conditioning paradigm, can influence the behavior of the observers. We used two behavioral measures: (i) performance of acoustic startle response, which has been shown to be enhanced in animals by fearful stimuli (10) and (ii) intensity of exploration. Then, we checked whether the emotional information evokes activation of the amygdala of the other animal. We used a c-Fos immunolabeling method, which provides a mapping tool, enabling a single-cell resolution, thereby allowing determination of the involvement of separate brain regions, and even their subdivisions, in specific behavioral responses.
Results
Behavioral Results. In all of the experiments described herein, we have examined how information about current experience is passed on from one animal to another. One of the pair of rats (''demonstrator'') was exposed to the specific behavioral condition [either to context fear conditioning, in which the animal received a foot-shock (S-d), or to control exposure to a new cage, nonshock (NS-d)] (Fig. 1) . Then the demonstrator returned to the home cage where it was in contact with the cagemate (designated as ''observer,'' either S-o or NS-o). The reaction to the demonstrator was analyzed by either measuring the observer's activity to approach and explore the demonstrator or by testing the acoustic startle response of the observer (11); both behaviors were investigated just after reunification with the demonstrator that was treated as described above (Fig. 1 ). In addition, control animals that were habituated (H) to a brief separation were also investigated. In the H group, no difference between demonstrators and observers could be noted, as far as the behavioral and immunocytochemical tests described below are concerned.
The first behavioral measure, the acoustic startle response (ASR), showed no difference between the observers of information that were exposed to either the S-d or NS-d partners ( Fig.  2A) . The dynamics of these responses were, however, clearly different from that recorded in H rats. At the beginning of ASR testing (block 1), S-o and NS-o animals responded with significantly lower amplitudes of the startle in comparison with H subjects. However, this initially low level was followed by gradual increase in the subsequent blocks of trials that eventually, in the case of the S-o group and block 3, exceeded that for control H rats (Fig. 2 A) .
In contrast, the second behavioral measure, exploration intensity, differentiated the observers from the S-o group from the other two groups. In the observers from the S-o group, there was a clear enhancement of exploration (Fig. 2B) , whereas a systematic decrease of this reaction was noted in the NS-o and H animals. Qualitatively, the observers from the S-o followed and explored the demonstrators, and the exploration intensity reflected the increase of movement of the whole pair of animals, whereas, in the NS and H groups, they moved rather independently. Hence, the exploration intensity appears to serve as an appropriate measure to account for the animals' arousal. 
Discussion
In this study, we have described an experimental rat model of between-subject transfer of emotional information. The rats were kept in pairs, and one animal was treated to specific behavioral training of either foot-shock reinforced context conditioning or just exposure to a novel context. Next, the animals were reunited. Then, we examined the influence of the demonstrators on exploratory behavior of the observers and the observers' performance of the ASR. We report that there is, indeed, a transfer of emotional state between subjects, and we can distinguish (i) the observers of information from control animals (as shown by startle response measure) and (ii) the observers from the S and NS groups (by means of indexing the exploration), with respect to whether they were paired with demonstrators treated to different experimental conditions. Furthermore, we show that the observers have most of their amygdala activated (as revealed by c-Fos mapping) to the same level as the demonstrators, reflecting their specific behavioral treatment and, in the case of the central amygdala, to even higher levels.
We documented a different pattern of ASR in the observers from both the shocked and NS animals as compared with the H animals. Startle, a fast motor response to sudden, intense, unexpected stimuli is a sensitive measure of the emotional state of the organism, correlated with the fear-related amygdalar activity (10) . The clear within-testing-session sensitization of the startle response in the observers in the present experiment, Mean ASR amplitudes Ϯ SEM in the observer rats that were paired with demonstrator rats either receiving footshock (S-o), or not (NS-o) and H groups in five consecutive blocks of trials (four trials each). The three-way ANOVA revealed the following interactions: (i) subgroup ϫ block of trials (F (4,168) ϭ 6.94, P Ͻ 0.0001) and (ii) the group ϫ subgroup ϫ block of trials (F (8, 168 ) ϭ 2.28, P Ͻ 0.02). The effect of block of trials (F (4,168) ϭ 17.36, P Ͻ 0.0001) was also seen. The differences in temporal characteristics of the startle-response magnitude between the S-o, NS-o, and H groups were confirmed by two-way ANOVA, which revealed group ϫ block of trials interaction (F (8, 84 ) ϭ 2.79, P Ͻ 0.01). Further Duncan post hoc tests showed differences in ASR amplitudes between the N and NS groups in comparison with the H group in the first block ( ** , P Ͻ 0.01) and between the S and H groups in the third block (⅙⅙, P Ͻ 0.01) of trials. Similar two-way ANOVA for demonstrators yielded neither group and block effects nor interaction. (B) The magnitude of exploration factor in the observers from the S-o, NS-o, and H groups. The exploration factor was calculated as a difference between the head movements made in the first 2 min after reunion of the demonstrators and the observers in the testing session and the head movements during the first 2 min of the preceding session. The three-way ANOVA was used to compare mean distances of head movements in the observers from the S-o, NS-o, and H groups in pretesting and testing sessions and two 2-min time intervals. Clear differences between groups were seen. Either group ϫ session (F (2, 21) proved the strong impact of such undefined information on the emotional state and perception of stimuli by the animals. It is also interesting that a similar level of enhancement was seen in the observer rats, irrespective of whether they were paired with either S or NS cagemates. It should be noted, however, that the demonstrators from the NS group experienced a novel, stressful situation. On the other hand, we also noted changes in the observers' behavior that were specific for rats from the S group. Namely, in the first minutes after the reunion, the observers of information from this group were exploring the cagemates more intensely than the observers from the NS and H groups, which explored even less than in the previous session.
Furthermore, we studied the involvement of amygdalar nuclei in the processing of transmitted emotional information by measuring c-Fos expression. The level of c-Fos expression in the observers was surprisingly high in all amygdalar nuclei. Most interestingly, in the medial, lateral, basal, and basomedial nuclei of the amygdala, the c-Fos expression in the observers reflected the demonstrators' treatment, i.e., it was higher in the observers receiving information from the demonstrators obtaining footshocks (S-o) compared with the NS group (NSo). Surprisingly, the demonstrators did not express more c-Fos than the observers; on the contrary, in the central nucleus, the observers expressed more c-Fos than the demonstrators in both the S and NS groups. These results are consistent with the results of neuroimaging studies, in which fearful faces were especially effective in activating the amygdala (5). The gradual enhancement of the acoustic startle seen in the observers in our experiment also indicates that transmitted emotional information strongly affects its observers.
It is also interesting to compare the pattern of activation of the amygdalar nuclei evoked by strongly aversive vs. less-aversive stimulation. We observed that the basolateral part of the amygdala (the lateral, basal, and basomedial nuclei) and the medial nucleus responded more strongly to the purely aversive stimulation than to the much less-aversive stimulation in the NS group. In contrast, the central and cortical nuclei were activated at similar levels by both kinds of stimulation. These results seem to be consistent with the notion that the basolateral complex of the amygdala is particularly important for creating current stimulusvalue associations, which support instrumental behavior, helping the animal to adapt to the changing environment (12) . As proposed by Bechara et al. (13) , who studied the involvement of the human amygdala in the gambling task, the essential contribution of this structure consists in evoking appropriate emotional states, which guide response selection. Our result suggests that it is the basolateral complex of the amygdala that is particularly sensitive to the changes in the current value of not only well defined fearful stimuli but also of less well defined anxiety-like stimuli, as suggested in ref. 14. Information transferred from the demonstrators to the observers in the NS group was probably also stressful to some extent (see the startleresponse magnitude in the observers) but, obviously, to a lesser degree than in the S group. Taking this into account, the level of c-Fos activation reflected precisely the current value of stimuli in both the demonstrators and the observers. The strong activation of the basolateral complex of the amygdala in either the demonstrators or the observers is also consistent with the role of this structure in modulating the consolidation of memory of emotionally arousing experiences (9) .
In the central nucleus of the amygdala, the level of c-Fos expression in the observers of information was clearly higher than in the demonstrators. Thus, the central amygdala seems to be specifically activated in the processing of unspecified information and, to a lesser degree, by novelty, but not by fear learning. This finding is in apparent contrast to the results of many earlier studies that reported the role of the central nucleus in classical fear conditioning (15) . Generally, the central nucleus of the amygdala, which has extensive projections to numerous nuclei in the midbrain and brainstem, has been seen for many years as the key structure to orchestrate behavioral, autonomic, and endocrine responses to threat and danger (7) . However, the lack of involvement of this nucleus in learning of the aversively motivated behaviors has also been observed (14, 16, 17) . On the other hand, as measured by c-Fos expression, the central nucleus is involved in retrieval of contextual conditioned fear (18) . These discrepancies may result from the different methods used in these studies (lesion vs. c-Fos expression, different conditioning paradigms) but also from damage of the fibers of passage in the central nucleus in the lesion studies (see ref. 19 and discussion therein). Hence, it is important to note that many effects attributed to the central nucleus may actually result from disconnecting the basolateral nucleus from the bed nucleus of the stria terminalis, because the fibers that connect these structures pass right through the central nucleus (5) . It is also worth noting that the central nucleus has been shown to play a role in attentional processes (20, 21) , which are particularly important in situations of uncertain but potentially significant consequences, as in the observers from our study.
The emotional information perceived by the observers had much less well defined consequences in comparison with stimuli affecting the demonstrators during fear conditioning. Thus, it seems that the experimental situation evoked an emotional state more akin to anxiety than to fear in observers. This statement is consistent with the results of Sullivan et al. (22) , who showed activation of the central nucleus of the amygdala, measured by c-Fos expression, in rats after the anxiogenic drug doxapram.
Because c-Fos is a product of an immediate early gene and a component of a transcription factor (AP-1), it may orchestrate expression of a number of other genes, and, thus, c-Fos can also be treated as a marker of neuronal plasticity (for details see ref. 23) . From the perspective of the results presented herein, it seems that the plasticity during fear conditioning results from a change in synaptic inputs in the basolateral amygdala rather than from the changes in its efferent target areas like the central nucleus. This point of view is further supported by our previous results on c-Fos expression in different behavioral models as well as by the results obtained with the electrical stimulation of the amygdala (23) (24) (25) (26) .
Incidentally, our results call for reappraisal of number of the previous studies, in which c-Fos was investigated in a context of conditioning (23) . In the case of experiments involving animals kept in groups and taken for behavioral training individually and then returned to the cagemates, it appears that their c-Fos expression patterns should be reconsidered, especially as far as the central amygdala is concerned (see ref. 23 for the extensive list of appropriate literature).
The nature of transferred information is a question that has not been addressed in this study. However, we may suppose that information could be transferred by alarm pheromones. Recently, Kiyokawa et al. (27) showed that alarm-pheromones perception induces c-Fos expression in the medial, lateral, and basal nuclei of the amygdala. Interestingly, the level of c-Fos expression in these nuclei in our experiment happened to mirror the demonstrator's treatment. It also seems consistent with our result that the observers from the S-o group explored their partners more than the observers from the NS-o group.
Another possible way to transmit information is ultravocalization. It is well documented that rats emit ultrasonic calls and that the frequency and duration of such vocalizations are determined by specific environmental stimuli. These calls can, therefore, have an important communicative role (28, 29) . Indeed, we recorded 22-kHz ultrasonic vocalization during the first minutes after the trained rat was placed back into the home cage (data not shown). It is also known that the presentation of such ultrasounds can induce defensive behavior and c-Fos expression in the amygdala (30) . Obviously, information could also be transferred in other ways, such as tactile stimulation or distinctive patterns of behavior. This issue requires additional studies.
In conclusion, in this study, we have shown that undefined information transferred by a cohabitant rat can evoke very strong activation of the amygdala. The pattern of the activation in the amygdalar nuclei appears to be different with regard to the kind of information, with the central nucleus more involved during less well defined stimulation and the basolateral and medial nuclei activated by both defined and undefined information. The ASR was enhanced in observers of information from both S and NS animals. We also observed a specific pattern of behavior after returning of demonstrators to the home cages, with the observers from the S group exploring more intensely than the observers from other groups.
Materials and Methods
Subjects. The experiment was performed on 72 adult, experimentally naïve male Wistar rats (250-300 g at the beginning of the experiment), supplied by the Nencki Institute Animal House. For 1 month before the experiment, the animals were housed in pairs in standard home cages (43.0 ϫ 25.0 ϫ 18.5 cm) under a natural light-dark cycle, with food and water provided ad libitum. The rats were habituated to the experimenter's hand for 14 days preceding the experiment. The experiment was carried out in accordance with the Polish Act on Animal Welfare, after obtaining specific permission from the First Warsaw Ethical Committee on Animal Research. All efforts were made to minimize the number of animals and their suffering.
Procedure and Group Treatment. The animals were randomly divided into three groups (16 animals per group in the behavioral experiments and 8 animals per group for the c-Fos-expression analysis). In the behavioral experiments, all animals were habituated for 3 days (one session per day) to the experimental room and marking process. In the habituation sessions, each pair of rats was brought to the experimental room for 20 min. Then the cohabitants were separated for 10 min (each subject was replaced in the new home cage). Each animal was marked with two different-color spots (one on the head, 1 cm in diameter and one on the central part of the back, 2-3 cm in diameter), and then the pair of rats was reunited and left in the home cage in this room for 10 min. On the experimental day, in each cage, one subject was treated as a demonstrator and the other as an observer (Fig. 1) . In the S group, the demonstrators (S-d) were taken from their home cages for Pavlovian contextual fear conditioning. The training was performed in an experimental cage (62.0 ϫ 18.0 ϫ 29.0 cm) that was housed in a soundattenuating room. Nine foot-shocks lasting 1 s were applied with interstimulus intervals of 55 s. Current pulses of 50 Hz and 1.3-mA intensity were delivered via the grid floor (0.4-cmdiameter bars at 1.5-cm intervals) from a shock generator (Grason-Stadler model E 1064). When the demonstrators were trained, their cohabitants (observers, S-o) were kept in the home cages in a different sound-attenuating room and were not able to hear the vocalization of demonstrators. Immediately after the training, the demonstrators were placed back in their home cages and allowed to interact with the observers. The NS group, composed of rats treated as those from the S group, except that the NS demonstrators (NS-d) received no foot-shocks in the experimental cage. The animals from the third group, habituated controls (H), were habituated to the experimental room, marking process, and separation. Except for the habituation, they were in their home cages all of the time.
To briefly summarize our experimental setup, we used six subgroups: S-d, S-o, NS-d, NS-o, H-d, and H-o. In the H group, no difference between demonstrators and observers was observed; therefore, for graphical constructions, the H-d and H-o subgroups were treated as one habituated control group H.
Behavioral Experiments. The behavior of the observers from S, NS, and H groups was recorded for 10 min after the return of the demonstrator to the home cage. As a behavioral measure, we chose the total distance traveled by the head of the observer, which was justified by the qualitative features of the animals' behavior (see Results). The total distance traveled by the head of the observers from the S, NS, and H groups was recorded with a high-resolution color camera and MPEG-encoder PC card and stored in MPEG2 digital format. For color-dots tracking and automated behavior analysis, an image-recognition system was used (EthoVision Color Pro 3.1; Noldus, Wageningen, The Netherlands). Tracks of the head color dots were digitized, and the total distance traveled by the head was calculated (with segmentation on time intervals). After 10 min, both the demonstrator and the observer from a given pair were tested simultaneously in an acoustic chamber.
The ASR testing was performed in a Coulbourn apparatus (Coulbourn Instruments, Allentown, PA) equipped with two force-sensitive platforms placed in a soundproof ventilated chamber. A loudspeaker located 10 cm above the cages delivered 110 dB (SPL) 20-ms white-noise pulses with 2-ms rise time, which served as the startle stimulus. Each pair of rats was tested simultaneously in two independent small plastic cages (180 ϫ 85 ϫ 90 mm each) placed on the force-sensitive platforms. The ground-reaction forces exerted on the platform by the animal's startle were measured. The amplified, rectified, and filtered (40-Hz low-pass filtered) signals were sampled at 400 Hz for a 200-ms poststimulus period.
After a 2-min adaptation period, the rats were exposed to a sequence of 20 acoustic stimuli arranged in a pseudorandom sequence and spaced by intertrial intervals of pseudorandom duration from 9 to 52 s. The acoustic stimuli were presented against a 70-dB white-noise background (11) .
Immunocytochemical Assessment of c-Fos Expression. For the c-Fos expression analysis, the rats were killed at 90 min after the return of a demonstrator to a home cage (the S and NS groups) or directly from their home cages (the H group). These rats received no marks-tracking or other behavioral treatment before the experiment. Rats were killed by an overdose of chloral hydrate. Then, the animals were perfused intracardially with ice-cold saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and stored in the same fixative for 24 h at 4°C and subsequently immersed in 30% sucrose with 0.01% sodium azide at 4°C. Then the brains were frozen on dry ice and sectioned at 40 m on a cryostat. The coronal brain sections containing amygdaloid nuclei, 1.0-3.3 mm posterior to bregma, were collected (31). The immunocytochemical staining was performed on free-floating sections (14) . The sections were washed three times in PBS (pH 7.4; Sigma) with 0.3% Triton X-100 (Sigma), incubated for 10 min in 0.003% H 2 O 2 in PBS, washed twice in PBS͞Triton X-100 and incubated with a polyclonal antibody (anti-c-Fos, 1:1,000; sc-52; Santa Cruz Biotechnology) in PBS͞Triton X-100 and normal goat serum (3%; Vector Laboratories) for 48 h at 4°C. The sections were then washed three times in PBS͞Triton X-100, incubated with goat anti-rabbit biotinylated secondary antibody (1:1,000; Vector Laboratories) in PBS͞Triton X-100 and normal goat serum (3%) for 2 h, washed three times in PBS͞Triton X-100, incubated with avidin-biotin complex (1:1,000 in PBS͞Triton X-100; Vector Laboratories ABC kit) for 1 h, and washed three times in PBS. The immunostaining reaction was developed by using the oxidase-diaminobenzidine-nickel method. The sections were incubated in distilled water with diaminobenzidine (DAB; Sigma), 0.5 M nickel chloride, and peroxidase (Sigma) for 5 min. The staining reaction was stopped by three washes with PBS. The reaction resulted in a dark brown staining within the nuclei of c-Fos immunoreactive neurons. The sections were mounted on slides, air dried, dehydrated in ethanol solutions and xylene, and coverslipped with Entellan (Merck).
The measure of c-Fos immunopositivity was expressed as density, determined in the following manner. For each brain section, the number of c-Fos immunopositive nuclei in a given amygdalar structure was counted and divided by the area occupied by this structure (in arbitrary units). The borders of the subnuclei were determined with the use of the Nissl-stained adjacent section. The image analysis was done with the aid of an image analysis computer program (IMAGE J) for two sections for each animal.
Data Analysis. Between-and within-group changes in the startle amplitude were analyzed by using a three-way mixed-design ANOVA for one repeated factor (five blocks, four trials each) and two independent factors (three groups and two subgroups). Additionally, two-way mixed-design ANOVAs for repeated (five blocks, four trials each) and independent (two subgroups) factors were performed independently for each group. Further post hoc Duncan tests were conducted for more detailed comparisons of observers' results. The changes between total distances moved by the head of the observer were analyzed with the use of a three-way mixeddesign ANOVA for two repeated factors (pretesting and testing sessions and two 2-min time intervals) and one independent factor (three groups). The exploration factor was calculated as a difference between the distance moved by the head in the first 2 min after reunion of the demonstrators and the observers in the testing session and the distance moved by the head during the first 2 min of the preceding session.
The number of c-Fos immunopositive cell nuclei was analyzed by a three-way mixed-design ANOVA for two independent factors (three groups and two subgroups) and one repeated measure (two brain sections), independently for each amygdalar nucleus.
Further post hoc Duncan tests were performed for more detailed comparisons.
